Breast cancer brain metastasis marks the most advanced stage of breast cancer no longer considered curable with a median survival period of ~ 4-16 months. Apart from the genetic susceptibility (subtype) of breast tumors, brain metastasis is also dictated by the biophysical/chemical interactions of tumor cells with native brain microenvironment, which remain obscure, primarily due to the lack of tunable biomimetic in vitro models. To address this need, we utilized a biomimetic hyaluronic acid (HA) hydrogel platform to elucidate the impact of matrix stiffness on the behavior of MDA-MB-231Br cells, a brain metastasizing variant of the triple negative breast cancer line MDA-MB-231. We prepared HA hydrogels of varying stiffness (0.2 kPa -4.5 kPa) bracketing the brain relevant stiffness range to recapitulate the biophysical cues provided by brain extracellular matrix (ECM). In this system, we observed that the MDA-MB-231Br cell adhesion, spreading, proliferation and migration significantly increased with the hydrogel stiffness. We also demonstrated that the stiffness based responses of these cells were mediated, in part, through the focal adhesion kinase (FAK) -phosphoinositide-3 kinase (PI3K) pathway. This biomimetic material system with tunable stiffness provides an ideal platform to further the understanding of mechanoregulation associated with brain metastatic breast cancer cells.
Introduction
Breast cancer commonly metastasizes to organs such as bones, lungs, liver, lymph nodes and brain 1 . Metastasis to distant organs marks the advanced stage of breast cancer no longer considered curable. In general, patients detected with breast cancer metastasis are usually subjected to only palliative care. Of all the different types of breast cancer metastasis, brain metastasis is considered highly aggressive with overall survival period of only 4 to 16 months 2 .
Overall, 15-30% breast cancer patients undergo brain metastasis and patients with human epidermal growth factor receptor 2 (HER2)-positive and triple negative breast cancer are most susceptible to brain metastasis (30-40% cases) 2 . Conventionally, breast cancer brain metastasis is treated with whole-brain radiation therapy (WBRT) accompanied by surgical resection 3 .
However, these were associated with severe side-effects including neurocognitive disorders 4 .
Further advances in the treatment regimen led to development of stereotactic radiosurgeries followed by combinatorial treatment with chemotherapeutic agents like Trastuzumab, Lapatinib, Capecitabine and Bevacizumab which cross the blood brain barrier (BBB) to a certain extent 2, 5, 6 . However, these advanced treatment regimen are still challenged by impermeable BBB and drug resistance in metastatic breast cancer cells. Therefore, there is an urgent need to understand the underlying mechanisms associated with breast cancer brain metastasis.
Over a decade ago, Steven Paget proposed the "seed and soil" theory which hypothesizes that metastasis is an event dictated by interactions between tumor cells and the organ specific Accepted Article microenvironment 7 . Subsequently, Fidler and Kripke provided experimental evidence to support "seed and soil theory" in the 1970's 8 . Through these observations, it is now well appreciated that the extracellular microenvironment plays a key role in cancer progression at the primary as well as the metastatic site by providing cancer cells with a 'context' conducive for their growth 9 .
In fact, studies have shown that the brain microenvironment plays a crucial role in breast cancer brain metastasis wherein the cellular components in the brain microenvironment assist breast cancer cells in migrating through the BBB [10] [11] [12] , invading the brain tissue 13 , activating their proliferative pathways 2 and also provide them protection against chemotherapeutics 14 . Metastatic breast cancer cells also co-opt preexisting vasculature in brain microenvironment to fulfil the need for blood supply required for the progression to macro-metastasis 2, 15 .
Extracellular matrix (ECM) is also known to play an important role in breast cancer progression and metastasis by controlling cell fate through biophysical cues. In particular, ECM molecules modulate the matrix stiffness which in turn has been shown to regulate proliferation as well as chemotherapeutic response of breast cancer cells in the primary tumor setting [16] [17] [18] . For example, Levental et al. showed that the matrix stiffening forced tumor progression in primary breast tumors which was mediated via integrin signaling 19 . Matrix stiffness has also been known to modulate chemotherapeutic response and behavior of cancer cells in case of other malignancies like hepatocellular carcinoma and glioma 20, 21 . However, the impact of biophysical cues in the metastatic setting has been less explored. In particular, the impact of matrix stiffness on the behavior of brain metastatic breast cancer cells remains largely unknown.
To address this need, we utilized a biomimetic hyaluronic acid (HA) hydrogel platform to examine the impact of matrix stiffness on the behavior of MDA-MB-231Br cells, a brain 
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Materials and Methods
HA hydrogel synthesis
In order to form HA hydrogels, HA was first methacrylated so that it can react with dithiothreitol (DTT) (Sigma Aldrich) to form hydrogels. HA methacrylate was synthesized by adapting the procedure previously described by Ananthanarayanan et al. 29 Briefly, HA of molecular weight 60kDa (66kDa -90kDa; Lifecore Technologies) was dissolved at 1 wt% in deionized water
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followed by the addition of 6-fold molar excess of methacrylic anhydride (Sigma Aldrich) on the first day while maintaining the pH of reaction mixture above 8 using 5M NaOH solution for 12 h making sure there was no change in the pH (indicating all methacrylic anhydride was consumed)
at the end of 12 h. The complete process was carried out at 4 o C. On the following day, an additional 6-fold molar excess of methacrylic anhydride was added and the pH was maintained above 8 for another 12 h. Following this, the HA methacrylate was extracted by adding the reaction mixture to a 5-fold volumetric excess cold acetone followed by centrifugation to recover the product, which was then flash frozen and lyophilized overnight. For determining the degree of functionalization of HA, samples were dissolved at 5 mg/mL in D 2 O. Proton nuclear magnetic resonance ( 1 H-NMR) spectra was collected at 600.057 MHz using a Bruker Avance AV-600 instrument.
To prepare HA hydrogels, HA methacrylate was dissolved at 5 wt% in Dulbecco's Modified Eagle Medium (DMEM) (Sigma Aldrich). Following dissolution, varying amounts of crosslinker DTT was added so that the final concentrations of DTT in gel precursor solution were 5mM, 10mM, 20mM and 40mM, respectively. 75 µL of gel precursor solution was added in each well of a 96-well plate and incubated overnight to form hydrogels. In order to provide celladhesive sites, the surface of hydrogels were functionalized with an integrin binding peptide (RGD) (Anaspec Inc.) using Michael type addition reaction as described previously 29 . Briefly, 25 µL of 1 mg/mL RGD solution in DMEM was pipetted on top of the hydrogels followed by incubation for 3 h at room temperature. The hydrogels were then washed with DMEM prior to cell seeding.
HA hydrogel characterization
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Mechanical characterization
For mechanical characterization of hydrogels, 95 µL of gel precursor solution was added to specialized molds with a parafilm base and incubated overnight. The gels were then removed by taking off the parafilm base and characterized for mechanical stiffness (elastic modulus) by compression testing performed on RSA-G2 solid analyzer instrument (TA Instruments) with a 35 N load cell. The strain rate was maintained at 0.005/s. The elastic modulus was determined in the strain range from 25-30% in the linear region of the stress-strain curve using TRIOS® software (TA Instruments).
Swelling and mesh size estimation
For swelling studies, HA hydrogels were made in the molds as described above and were swollen in DMEM for 72 h at 37 o C. The equilibrium swelling ratio (Q) was estimated as the ratio of the mass of swollen hydrogels to that of the dry mass of the hydrogels after lyophilization.
The equilibrium swelling ratio was then used to calculate mesh sizes as described previously [29] [30] [31] [32] .
The necessary parameters required to calculate the mesh size, apart from those experimentally determined, were taken from Ananthanarayanan et al 29 . Briefly, following the Flory-Rehner equation, the molecular weight between crosslinks (M c ) was calculated based on the equilibrium swelling ratio (Q) 31, 32 . Based on M c , the mean square end-to-end distance of the solvent-free chain (r 0 ) 2 was determined and the mesh size was calculated based on the (r 0 ) 2 as described previously 29 .
Cell Culture
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Morphological analysis of cells and fluorescence microscopy
In order to evaluate short term cell adhesion, 2500 cells were seeded on top of each hydrogel surface and incubated for 1.5 h followed by removal of media from the wells, gentle wash with 1X phosphate-buffered saline (PBS) (Gibco) and addition of fresh media. The wells were then imaged under a bright field microscope to quantify cell number per field of view. To evaluate cell spreading area, 2500 cells were seeded on top of each hydrogel and incubated for 24 h followed by imaging using an Olympus IX83 microscope with a spinning disc confocal attachment. For quantifying the cell spreading area, ImageJ software (NIH) was utilized and the cell boundaries were selected using manual selection options. For the morphological analysis, at least 100 cells were analyzed per condition in an experiment.
Immunofluorescence staining
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For visualizing the F-actin filaments, 5000 cells were seeded on top of each hydrogel surface and were incubated for 24 h. The cells were then fixed using 4% paraformaldehyde, permeabilized using 0.25% Triton-X in PBS and blocked with 5% FBS in PBS. Actin filaments were then visualized by staining cells with AlexaFluor-488 labeled phalloidin (Invitrogen). Cell nuclei were visualized using 4,6-diamidino-2-phenylindole (DAPI) (Invitrogen). Fluorescence microscopy was performed using an Olympus IX83 microscope with a spinning disc confocal attachment.
Cell Proliferation
For quantifying cell proliferation, 5000 cells were seeded on top of each hydrogel followed by incubation for 72 h. MTS assay (Cell Titer 96®, Promega) was performed at the end of 72 hours as per the manufacturer's protocol. Briefly, the spent media was replaced by fresh media followed by incubation with Cell Titer 96® solution for 2 h. After the incubation, absorbance reading was taken at 490 nm using a FilterMax F5 multi-mode microplate reader (Molecular Devices).
Single Cell Migration
Live cell time-lapse imaging was performed using an Olympus IX83 microscope with a spinning disc confocal attachment equipped with an on-stage incubator maintaining 37 o C, 95% relative humidity (RH) and 5% CO 2 . Briefly, 2500 cells were seeded on top of each hydrogel and incubated for 24 h. Following 24 h of incubation, they were imaged at 10X magnification every 10 minutes for 12 h. The migration speeds were analyzed using the Manual Tracking plugin in ImageJ. At least 100 cells per condition were analyzed excluding the cells that went out of the
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field of view during time-lapse imaging. In the case of clustered cells, single cells at the edge, which could be clearly pinpointed, were tracked to form a sample size of at least 100 cells.
FAK and PI3K blocking studies
For FAK and PI3K blocking studies, cells were treated with sub lethal doses of 1µM FAK inhibitor14 (Sigma Aldrich) and 5µM LY294002 (a PI3K inhibitor) (LC Laboratories), respectively, throughout the experiment. FAK inhibitor14 was reconstituted in 1X PBS and LY294002 was reconstituted in dimethyl sulfoxide (DMSO) (ATCC) followed by further dilutions in media.
Statistical Analysis
All the experiments were performed at least twice independently with triplicates for each condition in each experiment which were then pooled in order to yield N = 6 replicates per condition. The acquired data was subjected to one-way ANOVA followed by Tukey-Kramer HSD (honestly significant difference) test for multiple comparisons (using JMP® software).
Results
HA hydrogel synthesis and characterization
HA was first functionalized with methacrylate groups. The degree of methacrylation as determined by 1 H-NMR was 85 % (Fig.S1 ). HA hydrogels of varying stiffness were prepared by varying the concentration of cross-linker DTT viz. 5mM, 10mM, 20mM and 40mM while maintaining the same HA methacrylate concentration. Mechanical characterization revealed that as the DTT concentration increased, the Young's modulus (elastic modulus) of the hydrogels Accepted Article increased ( Table 1) . By varying the concentration of DTT, we were able to achieve the stiffnesses ranging between 0.2kPa -4.5kPa which bracketed the brain tissue stiffness (0.2kPa -1kPa) 33 and that observed for intracranially implanted MDA-MB-231 tumors in mice (3.74 kPa) 34 . The swelling ratio of HA hydrogels decreased as the hydrogel stiffness increased ( Table   1 ). In particular, swelling ratio decreased from 45.5±3.50 for 0.2kPa hydrogels to 14.0±1.00 for 4.5kPa hydrogels. We also estimated the theoretical mesh sizes of HA hydrogels and found that the mesh sizes ranged from 108.0±3.60 nm for soft (0.2 kPa) hydrogels to 50.0±3.60 nm for stiff (4.5 kPa) hydrogels ( Table 1) .
MDA-MB-231Br cell behavior as a function of hydrogel stiffness
We next investigated the impact of hydrogel stiffness on short term cellular adhesion and morphology. We quantified short term cellular adhesion on HA hydrogels and found that the cellular adhesion significantly increased with hydrogel stiffness (Fig.1A) . In particular, cellular adhesion increased by 4.3±0.3 fold on 4.5kPa hydrogels compared to 0.2kPa hydrogels. We also observed that the MDA-MB-231Br cellular morphology was significantly influenced by the hydrogel stiffness. For example, cells on 0.2 kPa and 0.4 kPa hydrogels exhibited a rounded morphology with diffused, ill-formed F-actin fibers. In contrast, cells on 2 kPa and 4.5 kPa hydrogels exhibited spread morphology with distinctly formed F-actin filaments (Fig.1C) . Not surprisingly, the cell spreading area significantly increased with an increase in hydrogel stiffness.
For example, cell area increased from 245±14µm 2 (for 0.2 kPa) to 473±38 µm 2 (for 4.5 kPa) as the hydrogel stiffness increased (p<0.01) (Fig.1B and Fig.S2 ). We also compared the cell spreading area of MDA-MB-231Br cells to that of MDA-MB-231, the parental cell line, on soft (0.4 kPa) and stiff (4.5 kPa) hydrogels. Interestingly, it was observed that the cell spreading area
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of MDA-MB-231 cells followed the same trend as that of MDA-MB-231Br however, the magnitude of response differed on stiff (4.5 kPa) hydrogels. The cell area of MDA-MB-231 cells on stiff (4.5 kPa) hydrogel was ~40% less compared to its brain seeking clone MDA-MB-231Br (Fig.S3) .
MDA-MB-231Br cell proliferation as a function of hydrogel stiffness
To investigate if MDA-MB-231Br cell proliferation is impacted by hydrogel stiffness, we seeded 5000 cells on top of hydrogels of varying stiffness and cultured them for 72 h and quantified proliferation using the MTS assay. We found that the cells on 4.5 kPa hydrogels exhibited 1.8±0.03fold increase in proliferation compared to cells on 0.2 kPa (p<0.01) (Fig.2) . This result can be attributed to the fact that the higher matrix stiffness can induce clustering of integrins which further activates proliferative pathways in breast cancer cells leading to tumor progression 35 . Other studies pertaining to different malignancies like glioma and hepatocellular carcinoma have also observed the same trend in proliferation with hydrogel stiffness 20, 29, 36 . In addition, we observed that the proliferation of MDA-MB-231 on stiff (4.5 kPa) hydrogel was ~15% less compared to MDA-MB-231Br (Fig.S4 ).
Single cell migration of MDA-MB-231Br cells is influenced by stiffness
Cancer cell migration has also been shown to be affected by matrix stiffness [37] [38] [39] [40] . F-actin cytoskeleton is known to provide physical forces that are necessary for the cells to migrate 41 .
Since our previous observation suggested that the f-actin cytoskeletal organization is stiffness dependent; we investigated if the hydrogel stiffness impacted single cell migration of MDA-MB231Br cells. We measured single cell migration on hydrogels of varying stiffness and observed
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that the cell migration speed increased with the hydrogel stiffness ( Fig.3 and supplementary movies S1-S4). In particular, the mean migration speed of cells on 0.2 kPa hydrogels was ~6.5 µm/hr compared to the mean migration speed of ~20.46 µm/hr on 4.5 kPa hydrogels (p<0.01).
Cells on 0.2 kPa and 0.4 kPa hydrogel were largely rounded, clustered, and unable to productively migrate, whereas cells on 4.5 kPa hydrogels formed stable lamellipodia and were able to migrate. Cells on 2 kPa hydrogels exhibited both phenotypes.
Blocking focal adhesion kinase (FAK) reverses the response of MDA-MB-231Br cells on the stiff (4.5 kPa) hydrogel
FAKs are known to be regulators of mechanical signals from the matrix in various cell types 42 .
Matrix stiffening is known to promote formation of focal adhesion assembly in breast malignancies leading to cellular spreading and uncontrolled proliferation 19, 43 . Since we observed increased cell adhesion, spreading, proliferation and migration of MDA-MB-231Br cells on stiff hydrogels, we hypothesized that blocking of FAK would reverse this response on stiff hydrogels.
We chose 0.4 kPa hydrogels (soft) and 4.5 kPa (stiff) for these studies. We seeded the cells on both the soft and stiff hydrogels while simultaneously treating them with 1 µM of FAK inhibitor 14 followed by quantification of cellular adhesion, cellular spreading, proliferation, and migration. Control groups were not treated with FAK inhibitor 14. We observed a significant reduction (p < 0.01) in cellular adhesion by ~25%, spreading by ~55%, proliferation by ~25%, and migration by ~31% on stiff hydrogels following treatment with FAK inhibitor 14 whereas it did not affect any of the above cellular processes on soft hydrogels (Fig. 4 and supplementary 
movies S5-S6).
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Blocking PI3K signaling reverses the response of MDA-MB-231Br cells on the stiff (4.5 kPa) hydrogel
PI3K pathway is strongly implied in process of breast tumor growth and proliferation 44 . Apart from proliferation, activation of PI3K pathway also plays a crucial role in cell spreading and migration 45 . Based on our observations which indicate increased cell spreading, proliferation and migration on stiff hydrogels, we further investigated if PI3K, downstream of FAK, is also involved in mediating this stiffness-based response. We seeded the cells on both the soft (0.4 kPa) and stiff (4.5 kPa) hydrogels, while simultaneously treating them with 5µM of PI3K inhibitor LY294002 throughout the experimental time followed by quantification of cellular adhesion, cellular spreading, proliferation, and migration. Control groups were treated with equivalent amounts of DMSO. We observed that the cellular spreading, proliferation, and migration on stiff hydrogels reduced significantly by ~50%, ~25%, and ~22% respectively following the treatment with FAK inhibitor (p < 0.01) (Fig.5 and supplementary movies S7-S8 ).
In addition, we noted that the cellular spreading was not affected by the PI3K inhibitor on soft hydrogels and the proliferation reduced even on soft hydrogels by ~20% (p<0.01). However, the net differences in cell proliferation on soft and stiff hydrogels compared to their respective controls were statistically different indicating that the proliferation on stiff hydrogels decreased to a greater extent compared to soft hydrogels upon treatment with PI3K inhibitor (p <0.01). In both soft (0.4 kPa) as well as stiff (4.5 kPa) hydrogel, cellular adhesion was not affected by PI3K inhibition (Fig.S5) . Collectively, these results indicate that the stiffness-based cell response is mediated, in part, through the activation of PI3K signaling downstream of FAK.
Discussion
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In this study, we utilized a biomimetic HA hydrogel platform to elucidate the mechanobiology The HA hydrogel platform enabled us to not only decouple the impact of biochemical and biophysical properties of the matrix on MDA-MB-231Br behavior but also capture physiologically relevant stiffnesses. In particular, our synthesized HA hydrogels of varying stiffness bracketed the brain tissue relevant stiffness range (0.2 kPa -1 kPa), while maintaining same composition of HA throughout. Recently, efforts have been made to measure the elastic modulus of the brain metastatic tissue in a murine xenograft model, which reported the stiffness to be ~3.74 kPa 34 , which is also captured in our system. In addition, our approach, specifically employing a 3D 'on-top' model (cells seeded on top of HA hydrogels) effectively allowed decoupling the impact of varying mesh sizes across different hydrogel stiffness conditions.
MDA-MB-231Br cells showed differential response on HA hydrogels of varying stiffness.
Cellular adhesion, spreading, proliferation as well as migration were observed to significantly
increase with the hydrogel stiffness. Increase in cellular adhesion and spreading on stiff hydrogels can be attributed to the formation of focal adhesion assembly and stable F-actin cytoskeleton (Fig.1C) . Previous studies have showed similar differences in F-actin organization in T47D breast cancer cells and MCF-10A breast epithelial cells when encapsulated in soft versus stiff collagen matrices 43, 46 . Herein, we demonstrated that the matrix stiffness indeed also affects cellular adhesion and spreading by regulating actin cytoskeleton organization in the case of MDA-MB-231Br cells. We also observed increased cell proliferation on stiff hydrogels which can be attributed to phosphorylation of FAK and activation of downstream proliferative pathways (Fig.2 ) 47 . Increase in the matrix stiffness is known to cause allosteric changes in integrins which leads to phosphorylation of FAK which in turn activates downstream proliferative pathways in cancer cells 48 . Further, it is known that stiffening of breast tissue due to increased collagen density is often associated with higher risk of breast cancer and metastasis 49, 50 . Previous studies have showed an increase in cell proliferation with increasing matrix stiffness in case of other cancer cells such as glioma and hepatocellular carcinoma 20, 29, 36 . Our work extends this observation, by demonstrating for the first time that the proliferation of MDA-MB231Br brain metastatic breast cancer cells is also matrix stiffness-dependent. Interestingly, we also observed that the cellular spreading and proliferation of parental cell line MDA-MB-231
(which has no organotropism) was significantly less compared to its brain seeking clone MDA-MB-231Br specifically on the stiff (4.5 kPa) hydrogel (Fig.S3-S4 ). However, as the available breast cancer cell lines, including metastatic breast cancer cells, differ in their biological and genetic makeup, a detailed investigation of the cell-type specific behavior would be needed while adapting this platform to study the underlying mechanobiology [51] [52] [53] . In addition to adhesion, spreading, and proliferation, we showed that the MDA-MB-231Br single cell migration is
regulated by matrix stiffness (Fig.3) . (Fig.4) .
FAK further activates pro-survival pathways, for example MAPK-ERK, Ras-ERK as well as the PI3K pathway which are crucial for tumor growth [57] [58] [59] 
Conclusions
Here, we successfully utilized a biomimetic HA hydrogel platform to study the impact of matrix Accepted Article
